New neurons are constantly added to the olfactory bulb of rodents from birth to adulthood. This accretion is not only dependent on sustained neurogenesis, but also on the migration of neuroblasts and immature neurons from the cortical and striatal subventricular zone (SVZ) to the olfactory bulb. Migration along this long tangential pathway, known as the rostral migratory stream (RMS), is in many ways opposite to the classical radial migration of immature neurons: it is faster, spans a longer distance, does not require radial glial guidance, and is not limited to postmitotic neurons. In recent years many molecules have been found to be expressed specifically in this pathway and to directly affect this migration. Soluble factors with inhibitory, attractive and inductive roles in migration have been described, as well as molecules mediating cell-to-cell and cell-substrate interactions. However, it is still unclear how the various molecules and cells interact to account for the special migratory behavior in the RMS. Here we will propose some candidate mechanisms for roles in initiating and stopping SVZ/RMS migration.
Introduction
Cell migration is an imperative requirement during development of most CNS regions. Newly generated neurons must leave the germinal layers and move, sometimes a great distance, to reach their final destination. This migratory behavior can be classified as radial or tangential depending on the orientation of the cell movement in relation to the pial surface (1) . Alternatively, migration can be viewed as gliophilic, neuronophilic, and homophilic in relation to the cell substrates of migration (1) (2) (3) . The glia-dependent radial migration of immature neurons, ubiquitous in the embryonic CNS, is the most extensively studied. In this case, transient glial cells, the radial glia, form a palisade that courses along the cerebral wall from the ventricular zone to the pial surface serving as a scaffold for the migration of young neurons (1) . This form of migration is usually referred to as radial migration, although alternative types of radial cell movement, independent of radial glia, have been described (4, 5) . Neuronophilic migration is a less well-studied migratory behavior in which new neurons are associated with axons instead of glial processes during migration (1, 2) . This mode of migration can assume various orientations, such as the tangential movement of ganglionic eminence precur-sors en route to the cerebral cortex in which corticofugal axons appear to function as their substrate (6) . Finally, homophilic migration was thus termed because in this modality, migrating cells, neurons and neuroblasts, use each other as substrate, forming long chains of cells in situ and in vitro (3, 7) . This form of migration was first described for the cells that leave the anterior subventricular zone (SVZ) towards the olfactory bulb ( Figure 1 ) and form the rostral migratory stream (RMS; 8). This tangential migratory movement of neurons and neuroblasts is directly associated with the neurogenesis of olfactory bulb interneurons that occurs postnatally in the SVZ, a highly proliferative layer in the early postnatal animal that persists well into adulthood (7-10).
Besides the unusual mode of migration, cells within the SVZ/RMS display other unusual features, such as simultaneous migration and proliferation (11), as well as a precocious biochemical differentiation (11). Recently, there has been a resurgence of interest in the SVZ, both in the neonatal and adult brain, where this system has been used in studies ranging from cell migration to stem cell biology.
In brief, new neurons derived from the SVZ migrate long distances, invade the mature nervous tissue and establish new functional circuits with the existing neurons (12). This is exactly the behavior one would wish from a source of new neurons that could be used to substitute neuron depletion. The understanding of the mechanisms by which SVZderived cells migrate may be then as important as understanding how this region sustains continued neurogenesis throughout adulthood. Here we will review the special characteristics of this tangential migration and the cellular interactions that drive this behavior. Figure 1 . Summary of subventricular zone/rostral migratory stream (SVZ/RMS) tangential migration towards the olfactory bulb (OB) in a parasagittal representation of the anterior forebrain in the early postnatal animal. Migration in the RMS can be divided into three overlapping phases that correspond roughly to different portions of the pathway (numbers in circles). 1) Initially cells go through a phase in which they migrate but are still able to divide. That happens mostly in regions of the SVZ close to the lateral ventricles where mitosis is more frequent. 2) At a given moment, already within the RMS, cells definitely abandon the cell cycle and continue migration towards the OB. 3) Upon reaching the OB, cells switch from tangential to radial migration and invade the OB parenchyma, turning on their differentiation into granular and periglomerular cells. In early postnatal life radial glia form a scaffold for this pathway as represented with a few examples (more details can be obtained in Ref. 16 ). Radial glia in the OB were omitted for simplicity. Although only the early postnatal period is represented in this figure, migration in the adult SVZ/RMS appears to obey similar phases and pattern. Note also that, although not represented, chain migration can also occur from more caudal regions. The SVZ/RMS is represented in stipples. AOB, accessory olfactory bulb; Cx, cerebral cortex; cc, corpus callosum; lv, lateral ventricle; MOB, main olfactory bulb; St, striatum; Tu, olfactory tubercle.
Cellular composition of the postnatal SVZ
The SVZ is not a homogeneous and stable region throughout the life of an animal. The cellular composition of young and adult SVZ differs little except for relative numbers, with both containing immature neurons, neuroblasts, undifferentiated precursor cells, astrocytes and microglia (13, 14) . A main difference is that in the young SVZ the major glial component is the radial glia, absent in the adult (15,16). The astrocytes of the adult SVZ/RMS surround the migrating cells providing an astrocytic scaffold to the SVZ that forms long cylinders denominated glial tubes (7,17). Recently, we have demonstrated that such a scaffold does in fact exist in the young SVZ formed by the cell bodies and processes of transforming radial glia (17).
Compartments in the postnatal SVZ
Proliferation in the SVZ was thought to occur homogeneously, in contrast to, for example, the embryonic ventricular zone, where a characteristic nuclear movement segregates cells in different stages of the cell cycle (18). Recently, we have demonstrated that the S-phase cells in the young SVZ/ RMS are preferentially concentrated in the periphery of the SVZ/RMS tube-like structure spatially segregated from migratory cells (19). A similar periphery-to-core pattern of distribution was recently described for the expression of zebrin II (20), which reinforces the idea that the early postnatal SVZ is organized in discrete cellular compartments. In addition, we have described a discrete spatial pattern of gap junction-mediated cell coupling involving neuroblasts and radial glia that closely resembles the S-phase distribution in the young SVZ (21). It is possible that some compartmentalization persists to adulthood since discrete islands of proliferative cells are also found in the mature SVZ (14). Additional evidence for this comes from infusion of truncated ephrins that by disturbing proliferation cause the appearance of large islands of proliferating cells (22). The relevance of these discrete compartments is still not fully understood. They may reflect the segregated distribution of specific cells and/or growth factors with proliferation-inducing capacities. Alternatively, they may arise from the preferential adhesion between homophilic migrating cells, thus excluding proliferating cells from the migratory chains.
Tangential migration within the SVZ/RMS
The migration of neuroblasts and young neurons generated in the SVZ can also be divided into three phases, independent of the age of the animal ( Figure 1 ). Based on the decreasing caudal-to-rostral proliferative gradient of the RMS (8,19,23,24) we can infer that cells go through a phase switch, in which first migration and proliferation can occur simultaneously, to another, when migrating cells do not reenter the cell cycle. The exact time and place where this transition occurs are yet to be determined, although this must happen somewhere along the RMS. This transition appears to become more spatially restricted with age, when cell division is mostly restricted to the region overlying the lateral ventricles. The third phase occurs within the bulb, where the cells go through another phase switch, this time from a tangential to a radial migratory mode (10,23). It is possible that the glial cells in the olfactory bulb provide the necessary signals for the orientation switch of these migrating SVZ/ RMS-derived cells. In support for this view we have shown that the radial glia of the olfactory bulb are different, at least morphologically, from those of the cerebral cortex (17). However, radial glia are not present in the adult olfactory bulb, and therefore other sources for positional signaling have to be postulated.
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Cellular substrates for migration
Evidence converges to support the idea that migration within the RMS is glia independent. Most important for this conclusion was the demonstration that SVZ/RMS cells can migrate in culture without the presence of glial cells (3) . In addition, in the young SVZ/RMS, migration is orthogonal to the radial glial palisade (16) and because of this arrangement RMS cell migration has been described as glia independent (10,16). However, a glial sheath encircles migrating cells both in young and adult brains (7,15,17). Until now it has not been elucidated if these scaffolds have any function in guiding SVZ/ RMS migration. Apparently, astrocytes of the SVZ have the ability of inducing neuroblast proliferation through a cell-to-cell contact mechanism (25). In addition, ensheathing astrocytes and possibly radial glial cells may be the source of a secreted protein with a migration-inducing activity (MIA) (26). In contrast, it is possible that the interaction with glial cells may reduce migratory speed, which could account for the much lower speeds, 30 to 50 µm/h, for in situ migration within the RMS (7,10) or in SVZ explant cultures rich in glia (26) when compared to cultures with Matrigel which are poor in glia, and migration reaches speeds well over 100 µm/h (3).
Push, pull and roll: molecular substrates for migration
Despite the growing interest in the mechanisms underlying migration in the RMS, the factors that control this phenomenon remain largely unknown. Several molecules have already been shown to regulate this type of migration (Figure 2 ), but we are 
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far from a working model comparable to the one proposed for radial migration (27). Similar to radial migration one would expect to find attractant, repulsive, and permissive molecules, as well as initialization and stop signals.
Soluble factors
Attractants. Judging from the stereotypically olfactory bulb-directed migration, a powerful attractant gradient originating in the olfactory bulb could be postulated; however, unidirectional migration was still detected in the absence of the olfactory bulb (28). Sensory deprivation also did not affect cell migration in the RMS although it did alter the number of surviving interneurons (24,29). It was only recently that a putative attractant from the olfactory bulb was proposed. Murase and Horwitz (30) demonstrated an effect of a netrin or netrin-like molecule mediated by the receptor deleted in colorectal cancer (DCC) in the guidance of migrating cells within the RMS.
Repellents and inhibitors. The secreted proteins, Slit1 and 2, were the only molecules described so far that could influence the migration direction of RMS cells via a repulsion-mediated mechanism (31). These molecules are expressed in the septum and choroid plexus, regions that could be important in driving RMS cells rostrally in the olfactory bulb direction (32). In mammals, Slit was first described to serve as an axonal guidance signal that impedes commissural axon recrossing, in association with its receptor Robo present in the commissural axons (32). These molecules also appear to have a role in directing tangential migration from the ganglionic eminence, so that the migrating cells avoid entering the Slit expressing striatal primordium in their pathway towards the cerebral cortex (32). Recent evidence suggested that, rather than having a repulsive action, Slit could be inhibitory for SVZ/ RMS cells, reducing the chance of RMS cells to end up in the septum (26). Regardless of whether its main effect is inhibitory or repulsive, Slit alone is not sufficient to account for the directed migration to the olfactory bulb. It does not explain, for example, why cells do not abandon the RMS to invade adjacent tissue, such as the cortical white matter or the striatum. A frequent assumption is that the astrocytic sheath or alternatively the radial glial sheath acts as a barrier for this outflow (33). However, this is yet to be verified.
Growth factors. Several growth factors have been shown to promote proliferation of the SVZ population, such as EGF, FGF (34, 35), TGF-ß (36) and BDNF (37, 38) . Albeit no direct effect on cell migration has been demonstrated, intrathecal and intraventricular infusion of growth factors increased the numbers of cells moving down the SVZ/ RMS pathway (34, 35, 37, 38) , as well as the number of cells straying from the SVZ and invading neighboring tissue (35, 37) . These results may be due solely to the increase in cell number; however, a role of specific growth factors augmenting SVZ/RMS cell migration cannot as yet be discarded.
Cell contact-mediating molecules
Few molecules that mediate cell-to-cell interactions have been implicated in tangential cell migration within the SVZ/RMS. To date these are the polysialylated form of NCAM (PSA-NCAM; 39,40), ganglioside 9-O-acetylated GD3 (9-O-acGD3; 41-43), ephrins and eph receptors (22), and connexins (21,44). Despite their very diverse nature, perturbing any of these molecules greatly reduces or stops migration of SVZ cells. This indicates that many different intracellular signaling pathways converge to elicit this behavior.
PSA-NCAM was the first molecule to be implicated in chain migration in the SVZ/ RMS (10). Already in the late eighties PSA-NCAM was immunodetected in the SVZ and its role in olfactory bulb postnatal neurogenesis was postulated (45) . Migrating and proliferating cells of the SVZ typically express the polysialylated form of NCAM (10,46). The genetic deletion of the embryonic NCAM (180 kDa; 9,40,46), as well as enzymatic removal of polysialic acid (PSA; 39,40) greatly reduces or abolishes SVZ/RMS cell migration. However, given the molecular nature of PSA-NCAM, it is difficult to understand how this molecule could mediate homophilic interactions, since the PSA moieties would, if anything, impede cell adhesion (39, 40) . It can be reasoned that PSA-NCAM favors migration by acting as a negative regulator for cell-cell interaction, preventing cells from interacting too tightly. Indeed, NCAM knockout mice in which all isoforms were deleted revealed a speed reduction but not abolition of chain migration of SVZ/RMS cells (46) . Therefore, due to these results and the nature of the PSA-NCAM homophilic interaction, it could be expected that other molecules would participate in the migration of SVZ cells.
Eph receptors and their ligands ephrins were shown to be directly involved in regulating migration and proliferation in the postnatal SVZ (22). This family of receptor tyrosine kinase and their ligands mediate bidirectional signaling between cells and were shown to be implicated in a variety of developmental events (47) . In general, ephrin and eph receptor interaction lead to contact-dependent cell repulsion involved in guiding axons and migrating cells (47) . This repulsion effect may also play a part in boundary formation restricting cell intermingling and communication (47) . Nevertheless, ephrin and eph receptor activation can trigger intracellular signaling and the outcome may not be just repulsive, since, for example, eph receptor activation may lead to an increase in the expression of cell adhesion molecules (47) . Expression of EphB1-3, EphA4 and ephrins-B2/3 was detected in the SVZ/RMS, although cellular localization was only possible for ephrin-B, which was specifically located to astrocytes (22). Infusion of clustered soluble EphB2 and ephrin-B2 disrupted chain migration in the SVZ/RMS. However, this result may be due to a direct effect on proliferation (22) It may not be surprising that ganglioside 9-O-acGD3 is involved in RMS cell migration since it is expressed in a spatiotemporally regulated manner in regions in which cell migration and process outgrowth occur in the developing CNS and peripheral nervous system (48) . This glycolipid has been directly implicated in external granule cell radial migration in the cerebellum (48, 49) . Initially it was thought to mediate only gliophilic migration via a homophilic interaction of this ganglioside on the surface of migrating neuronal precursors and radial glial cells (48) . However, 9-O-acGD3 molecules were also shown to be expressed in the developing and adult SVZ/RMS labeling migratory profiles (41) . Their role as possible mediators of neuroblast homophilic migration was confirmed in studies in which ganglioside 9-O-acGD3 was shown to be present in migrating chains of cells devoid of glia in postnatal SVZ explant cultures (42) . Immunoblocking ganglioside 9-O-acGD3 produced a drastic decrease in the migration halo in these explants (43) . One could speculate that PSA-NCAM and 9-O-acGD3 would be expressed in different subsets of the SVZ cells but in general both molecules are found in the same cells (42) . Recent evidence suggests that these gangliosides might reside in focal adhesion sites together with integrins and other adhesion-mediating molecules performing a still obscure role. Arising possibilities for the function of this molecule range from its providing a calcium-rich microenvironment on the cell surface to its direct interaction with other surface molecules and extracellular matrix (48) . Recent studies have shown that the GD3 ganglioside functions as a receptor for tenascin-R and -C leading to the regulation of intracellu-lar phosphorylation of focal adhesion kinases (50) . It is possible that the acetylation of this molecule could regulate its interaction with the extracellular matrix during cell migration and axon extension.
Recently gap junction intercellular communication (GJIC) has been implicated in the regulation of SVZ cell migration, based on connexin 43 expression (51), ultrastructural localization of gap junctions (15) and the presence of dye coupling (21) within the SVZ/RMS. Cell coupling partners within the SVZ/RMS have not yet been determined, but dye coupling studies indicate that homocellular and heterocellular cell coupling is present, involving both glial cells and neuroblasts (44 and Marins M, Fróes MM and Menezes JRL, unpublished observations). It is unusual to associate gap junctions with cell migration, since these require the establishment of complex and intimate adhesive contacts. Moreover, in the nervous system, cell uncoupling, as a rule, is considered to be a necessary step for initiating migration of recent postmitotic neurons (52) . However, pharmacological inhibition of GJIC reduced migration and proliferation of postnatal SVZ cells in vitro (44) , suggesting that GJIC is positively involved in SVZ/RMS migration. In the nervous system, the only other example in which gap junctions were shown to positively modulate migration is that of neural crest cells destined to the heart. For these sympathetic nerve cells, connexin 43 genetic deletion abolished migration (53) . Recently, it has been demonstrated that this effect does not require functional coupling, and may be due to the interaction of connexins with N-cadherin (54) . In most systems where gap junctions were shown to be positively linked to migration, cells do not migrate as individual cells but as cohorts (55) , as neural crest and RMS cells, suggesting that gap junction expression favors adhesion of these migrating cells. Since GJIC inhibition, besides migration, also affects proliferation (44) we postulate that cell coupling may be a key component for the initiation of migration, in contrast to the radial migration in the embryonic cortex, where uncoupling is a possible start signal for migration (52) .
Extracellular matrix molecules. From birth to adulthood the SVZ/RMS pathway provides a diverse extracellular environment to migrating cells, in which some molecules are specifically enriched, such as tenascin-C, proteoglycans (33,56), and laminins (30). Extracellular matrix molecules can be seen as providing an instructive and/or permissive environment, important for tangential cell migration, in a similar fashion as seen for neuronal radial migration (27).
Extracellular molecules involved in boundary formation such as tenascin-C and chondroitin sulfate proteoglycans were shown in the RMS pathway (33,57). Since it is possible that the major source of these molecules could be the scaffolding glial cells, tenascin-C and chondroitin sulfate proteoglycans may somehow prevent migrating cells from straying from the SVZ/RMS pathway (33). However, no obvious defects were found in the brains of tenascin-C-deficient mice (58) albeit effects on SVZ migration were not specifically addressed. Another proteoglycan, brevican, and a metalloproteinase inhibitor, TIMP-4, are also expressed in a restricted manner in the postnatal RMS, suggesting they may also act to guide migration (59) . Although proteoglycans and tenascin-C are generally related to inhibitory effects in process outgrowth, a permissive role in migration cannot be excluded. However, if they do function as inhibitory cues it is possible that they help elicit chain migration behavior, since cells would prefer to make adhesive contacts essential for migration with other migrating cells rather than with these substrates in the pathway.
Additional evidence of a role for the extracellular matrix came after a5 and g1 laminin were found in the RMS in late embryonic and early postnatal stages in rodents (30). These authors also detected several integrin subunits in migrating SVZ cells. Integrins are an important group of adhesion molecules that bind to the extracellular matrix and have been shown to participate in the migration of progenitors and young neurons (27). In the SVZ/RMS integrin subunits such as a1, ß1 and ß8 were detected in early postnatal ages whereas aV and ß6 subunits appeared postnatally and persisted to adulthood. Immunoblockade of some of these integrins inhibited the translocation and protrusion of the leading processes of SVZ cells (30). Immunoblockade of a6ß1 integrins also disrupts chain migration from EGF expanded neurospheres derived from postnatal forebrain cells (60) .
Long and winding road: Instruction or restriction?
While a complete picture of the molecules involved in the RMS flow of cells is not available, uncertainty remains as to what is unique about the SVZ/RMS pathway.
Could the plasticity displayed by the SVZ cells in postnatal life, such as long-range migration and invasion of differentiated tissue be conferred to cells transplanted to the SVZ? Or is that capacity exclusive of the SVZ cells? While the SVZ/RMS could sustain migration of some exogenous progenitor cell populations (61) (62) (63) , cells from the embryonic ventricular zone and external granular layer failed to migrate when transplanted into the postnatal SVZ (57, 64) . In spite of their normal radial migration it could be expected that external granular layer and ventricular zone cells would respond to the local cues of the postnatal SVZ/RMS, for, as we have seen above, many factors involved in radial migration are also present in RMS migrating cells. Overall, these data suggest that SVZ/RMS may provide a permissive/instructive environment only for responsive cells, not being therefore a universal niche for migration.
If the SVZ/RMS cells are under a default migratory program, should the SVZ/RMS function primarily to contain these cells therein? In fact, removing SVZ cells from their normal sites in vivo and plating them as explants in vitro does not halt their outward migration (3, 26) . However, heterotopic transplantation strategies provide conflicting evidence. When injected into the lateral ventricle of the embryonic brain, SVZ cells do not invade the ventricular zone of the cerebral cortex, but are found in few regions of the brain such as the mesencephalon (25). On the other hand, young and adult SVZ can invade and disperse in the striatum of the adult brain (65) . In agreement with a containment role for the SVZ/RMS, recent evidence indicates that neuroblasts can escape the RMS in response to cellular lesions of neighboring tissue and RMS (66) (67) (68) . Presently, we are far from determining the capacity for autonomous migration of SVZ/RMS cells. Heterotopic transplantation and postlesion experiments may still prove to be a useful strategy to dissect the rich potentialities of these cells for CNS dispersion.
Concluding remarks
The emerging picture is that the apparently simple, free migration of these young neurons and neuroblasts is the result of the complex interplay of temporally and spatially regulated factors, intrinsically coupled to proliferation, that act upon different aspects of the cellular machinery for migration. What gives the olfactory bulb the privilege of persistent neuronal addition is still unknown. Thus, determining what drives SVZ/RMS migration may not be as important as defining what makes it so spatially restricted.
